Combined temperature-dependent structural and electrical characterization of a series of "empty" ferroelectric tetragonal tungsten bronzes (TTBs) of composition Ba 4 (La 1-x Nd x ) 0.67 ! 1.33 Nb 10 O 30 are reported. The La-material exhibits a temperature dependent crossover from relaxor-ferroelectric to polar (but non-ferroelectric) to linear dielectric behavior. The loss of ferroelectric switching in the polar, non-ferroelectric phase is accompanied by disorder associated with structural relaxation due the significant vacancy concentration at the A1-perovskite-like site. In this disordered regime, large polarization can be re-established with application of sufficient electric field, however relaxation back into the disordered phase occurs on removal of the field as indicated by the loss of remenant polarization. The field against which "backswitching" (depolarization) occurs increases with temperature indicating increasing stability of the disordered regime. The disordered phase can be de-stabilized by substituting Nd for La at the A1-site and which reintroduces "normal" ferroelectric behavior.
Introduction
The field of polar dielectrics (piezo-, pyro-and ferro-electrics) is dominated by oxides with the perovskite structure.
1, 2 The role of compositional tuning of perovskites and structural consequences which control the physical properties have been intensively studied and are relatively well understood. Ferroelectric and relaxor perovskites are particularly prevalent and the origins of the 'crossover' from normal ferroelectric to relaxor behavior in these compounds have been widely studied. Relaxor behavior is associated with local disorder, which in perovskites is most commonly associated with mixed cations on either the A-site, e.g. Pb 1-x La 2x/3 (Zr,Ti)O 3 (PLZT), 3 or B-site e.g. PbMg 1/3 Nb 2/3 O 3 (PMN) 4 or PbSc 1/2 Ta 1/2 O 3 (PST). 5, 6 PST demonstrates the influence of disorder very succinctly: when the Sc 3+ and Ta   5+ cations are randomly distributed (disordered) relaxor behavior results, but when the cations are ordered, a normal 1 st order ferroelectric transition is observed. 6 The defining qualitative properties of relaxors (with respect to normal ferroelectrics) are the differing polarization relaxation dynamics as a result of disorder. These differences are manifested as a large temperature-and frequency-dependent dispersion in both the real and imaginary components of the complex permittivity. The properties of relaxor and relaxor ferroelectric (RFE) systems have been subject to a number of reviews. 2, 7-11 While perovskite relaxors are dominant, relaxor-like behavior has been reported in other perovskite-related structure types such as the Aurivillius, Bi 2 O 2 2--layered structures and tetragonal tungsten bronzes, but these systems are less widely studied.
The tetragonal tungsten bronze oxides (TTBs), general formula A1 2 A2 4 B1 2 B2 8 C 4 O 30 , contain perovskite-like units which are inter-linked by an oxide octahedron to form channels 12 with triangular, quadrilateral and pentagonal cross-sections, Figure 1 . This relatively open TTB structure can accommodate a wide array of cations resulting in a rich diversity of compositions with this structure type. Variable occupancy of the A-and C-sites allows additional compositional degrees of freedom and therefore structural complexity. When C is unoccupied the structure may be described as 'filled' e.g. 15 The TTB structural aristotype is tetragonal with crystallographic point group 4/mmm (typically with space group P4/mbm) and has approximate cell dimensions of a TTB = b TTB ≈ 12.5 Å and c TTB ≈ 4 Å. 16 The simplest ferroelectric TTB is tetragonal with similar cell dimensions to the aristotype structure but with non-centrosymmetric symmetry, point group 4mm, with P4bm the most commonly assigned space group. 17 However, orthorhombic distortions of the structure are common, typically resulting in larger supercells. The simplest such orthorhombic superstructure requires a ca. 45° rotation and √2 expansion of the unit cell in the ab plane such that a ≈ b ≈ √2a TTB ; such expansions can frequently occur in conjunction with doubling in the c-axis resulting in a further expansion of the superstructure. Such orthorhombic distortions are comparatively subtle, likely due to the relative rigidity of the TTB structure. 18 Further doubling in a and b may lead to even larger superstructures, e.g.
Sr 4 Na 2 Nb 10 O 30 (SNN), 2√2 a TTB × 2√2 b TTB × 2c TTB . 19 The origins of these superstructures are principally variations in the oxygen positions due to octahedral tilting out of the ab plane. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . When these variations are periodic, i.e. modulated, and hence can be described by wave vectors the resulting structures can either be described in reciprocal as: commensurate when the wave vectors describing the modulation are some simple integers of the wave vectors of the original unit cell, and so can be described by a supercell; or incommensurate if the modulation wave vector is not translatable to a simple integer of the original unit cell wave vector. In the latter case, the structure may be described by a combination of the average unit cell together with the appropriate incommensurate wave vectors. If the positional variations are not periodic, then the material is disordered and no additional supercell may be assigned.
These structural variations, which can be considered as degrees of disorder on varying lengths-scales, have been attributed to be the origin of relaxor behavior in TTBs. 20 
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A recently proposed crystal-chemical framework predicts the influence of such structural modulations and the onset of relaxor or ferroelectric behavior. 20 The model is based on the balance of two competing effects: large average A-cation size extends the BO 6 octahedral in the c-axis enhancing polarizability of the d 0 cation favoring ferroelectric ordering but with incommensurate superstructure due to a modulated tilt pattern. Smaller relative A1-cations, denoted by a smaller tolerance factor of the perovskite "A1B2O 3 " sub-unit, results in larger (commensurate) octahedral tilting and long range polar ordering. In the absence of a strong driving force for polar ordering in the intermediate regime neither dominates resulting in a frustrated, incommensurate tilt system. These local structural modulations cause relaxor behavior. It is important to note that Chen and co-workers also proposed a model to predict relaxor vs. ferroelectric behavior but which considered only the difference in A-site cation radii. 37, 39 As part of the proposed crystal-chemical framework 20 and in earlier 40 studies we reported the properties of a family of "empty" TTBs of general formula TTBs Ba 4 R 0.67
1. 33 Nb 10 O 30 (R = La, Nd, Sm, Gd, Dy and Y, and = vacancy) and where the Ba and R solely occupy the A2 and A1 site, respectively. 40 We use the term "empty" to denote TTBs where the A1 site is less than 50% occupied to distinguish these compositions from the already widely studied unfilled compositions based on SBN. These empty TTB compounds fit within the crystal-chemical model with R = Nd, Sm, Gd, Dy and Y demonstrating normal ferroelectric behavior and the larger R = La displays relaxor-like properties. However, the latter composition exhibits more complex behavior than that of the closely related filled analogue, Ba 4 La 2 Ti 4 Nb 6 O 30, 21, 40 in that on heating it displays an intermediate disordered polar phase before transforming to the high temperature paraelectric phase. In this contribution we report a more detailed structural investigation of Ba 4 R 0.67 1. 33 Nb 10 O 30 , R = La and Nd, using variable temperature high resolution neutron, synchrotron x-ray and selected area electron diffraction in an attempt to link structural changes with the observed dielectric and polarization-field (P-E) response. We probe the sensitivity of the crossover from normal to relaxor ferroelectric by controlling the A1-cation size with the series Ba 4 (La 1-
x Nd x ) 0.67 1. 33 Nb 10 O 30 . Ferroelectric ordering is destabilized with increasing cation size (decreasing x) and allows the relaxor-ferroelectric crossover to be examined in detail. We discuss the role of disorder, most likely due to variations in oxygen positions, on disruption on long range polar ordering and the stability of such disorder as a function of temperature and electric field. 30 (x = 0, 0.25, 0.5, 0.75, and 1), were homogenized with mortar and pestle then formed into loosely compacted bodies using a die press. An initial thermal treatment was carried out to calcine powder and initiate reaction; compounds were heated at 10 ˚C min -1 in a platinum lined alumina boat at 1000 ˚C for 2 hours, 1250 ˚C for 15 hours, then air quenched from 1000 ˚C. Compounds were powdered, milled in ethanol using a planetary ball milled (1 hour, 600 r.p.m.), then uniaxially pressed into pellets of 0.5 -2 mm thickness. Dense (> 95% theoretical density) pellets for structural and electrical characterization were obtained by sintered at 1350 to 1400 ˚C for 6 hours (x = 0 and 1) or 12 hours (x = 0.25, 0.5, and 0.75) with heating/cooling rates of 10 ˚C min -1 .
Experimental
High resolution powder x-ray diffraction (PXRD) was performed using synchrotron radiation (λ = 0.8269 Å) on the I11 beamline at the Diamond Light Source synchrotron facility (Oxfordshire, UK). 41 Sintered pellets were crushed and ground to a fine powder prior to measurement. The diffractometer was operated in high resolution capillary mode and with 2θ range of 0.001 to 149˚. Variable temperature measurements were collected on cooling between 500 -100 K with sample temperature controlled by a Cryostream Plus. Data were collected for either 30 minute durations for structural characterization or 15 minutes to enable fast collection of data for lattice parameter trends. Powder neutron diffraction was performed on the GEM instrument at the ISIS neutron source (Oxfordshire, UK). 42 The powdered samples were loaded in vanadium cans which were mounted in a cryostat or furnace for variable temperature measurements, with data collected while heating between 50 -600 K.
For electrical characterization, the circular faces of sintered pellets were polished using silicon carbide abrasive paper and platinum or gold electrodes applied using an Emitech K550X sputter coater. Dielectric measurements were performed between 50 and 800 K with Agilent 4294A and Wayne Kerr 6500B impedance analyzers over the frequency range 0.025 -2000 kHz. Samples were subjected to heating/cooling rates of 2 K min -1 in a closed cycle cyrocooler or tube furnace. Polarization-electric field (P-E) data were measured with an aixACCT TF2000 Analyzer while the sample was mounted in an aixACCT piezo sample holder (model TFA 317-7) or closed cycle cryocooler.
Electron microscopy investigation was performed on a JEOL-2011 electron microscope operating at an accelerating voltage of 200 kV. Selected area electron diffraction (SAED) patterns and high-resolution transmission electron microscopy (HRTEM) images were recorded with a Gatan 794 CCD camera. The dielectric data for Ba 4 La 0.67 Nb 10 O 30 (x = 0) display both a low temperature relaxor-like response at low temperature (T m, at 297 K for 1 MHz) and a second diffuse but frequency independent peak in the relative permittivity at 471 K (1 MHz), Figure 2 (a). A small amount of thermal hysteresis is observed (typically 10-15 K) in the low temperature anomaly; none is observed in the high temperature peak. Both the absolute, ε", and relative dielectric losses, tan δ, are dominated by a peak at low temperature corresponding to the relaxor-peak observed in the permittivity. The frequency and temperature dependence of the relaxor peak at low temperature is significantly greater than typically observed in both archetypal perovskite relaxors 2, 7 and other TTBs with relaxor properties. 43, 44 The low temperature dielectric loss peak decreases in magnitude with increasing frequency which is contrary to the properties of relaxors with perovskite structure, as well as other reported TTBs. As a result of the coinciding decrease in permittivity with increasing frequency, a maximum in tan δ occurs at approximately 240 K. The high temperature permittivity peak displays no frequency dependence while the corresponding dielectric loss peak is small in magnitude by comparison, Figure 2 (a) (inset). It should be noted that the dramatic increase in the low frequency permittivity observed at the highest temperatures is a result of the encroaching grain boundary/electrode polarization response. 45 High temperature immittance spectroscopy shows that fixed frequency measurements at 1 MHz remain on the plateau representing the bulk contribution to high temperature, ca. 850 K. 40 In an attempt to identify if either of the two maxima in the dielectric data were associated with a structural transformation, variable temperature powder neutron diffraction (PND) and synchrotron powder x-ray diffraction (s-PXRD) data were collected for Ba 4 La 0.67 Nb 10 O 30 . Initial inspection of both data sets revealed the deficiency of the previous assignment of tetragonal symmetry based on (lower resolution) ambient temperature laboratory PXRD data; 40 the structure is orthorhombic over the entire measured temperature range between 20 -600 K. Closer inspection of the PND data revealed additional peaks of low intensity at longer d-spacing which do not correspond to likely impurity phases but which indicate the presence of a large orthorhombic superstructure. This superstructure is consistent with the Bbm2 model of Labbé and co-workers 38 which has a ≈ 2√2 a TTB , b ≈ √2 a TTB and c ≈ 2 c TTB expansions, Figure 3 (a), and is the same structure reported for Ba 4 La 2 Ti 4 Nb 6 O 30 . 21 Rietveld refinement of the low temperature data PND data indicates that the atom positions in this compound are close to those determined for BNN, see electronic supporting information (ESI) Figures S1-2 and Tables S1-3. It is important to note that due to the size of the structure and presence of 55 crystallographically distinct atoms, although it is possible to refine atom positions and individual isotropic displacement parameters, care should be taken not to place too much emphasis on the latter as these two variables are highly correlated. Note that refinement of PND data also supports sole occupancy of the A2 and A1 sites by Ba and the rare earth, consistent with our earlier study. 40 The Bbm2 structure is generated primarily via the anti-phase tilts of the oxygen octahedra giving rise to two separate perovskite-site tilting patterns. The octahedral tilting is primarily out of the ab plane. As the superstructure reflections are barely perceptible above the background of the synchrotron data in comparison to the PND data this suggests that the oxygen positions are primarily responsible for the superstructure. This is because of the insensitivity to oxygen positions of X-ray (even synchrotron X-ray) scattering compared with neutron scattering.
However, the fast data collection and high resolution of s-PXRD allows highly accurate cell parameter trends to be obtained. The data were refined in Bbm2 as determined by combined examination of s-PXRD and PND data (ESI Figures S1, S4-5). All cell dimensions exhibit linear thermal expansion with increasing temperature; however, two clear regimes are apparent with differing rates of expansion, Figure 3 (c) and (d) and ESI Table S4 . The different rates of thermal expansion in a and b, reduces the orthorhombicity of the structure with increasing temperature, Figure 3 (d). The change in expansion rate and orthorhombicity coincides with the low temperature relaxor-like peak (250-270 K), however, the diffraction data provides no evidence of a symmetry change at these temperatures. A symmetry transformation may be present but imperceptible due to the structural complexity; several perovskite relaxors appear to be cubic at temperatures above and below the respective relaxor peak due to spatial averaging associated with bulk diffraction techniques.
2, 8, 46, 47
The intensity of the superstructure peaks in the neutron data decreases with increasing temperature and are undetectable by 480 K indicating disappearance of the superstructure, Figure 3 (b). The high temperature, frequency independent peak in the dielectric data corresponds with this loss of superstructure indicating a transition from the low temperature Bbm2 superstructure to a simpler high temperature orthorhombic structure with comparable metrics to the aristotype cell (i.e. no superstructure is detectable using PND). Refinements using the simple orthorhombic Pbam structure, previously reported for Pb 4.5 Ca 0.5 Ta 10 O 30   48 and KFe 2 F 6 49 , result in good agreement between calculated and observed patterns (ESI Figure   S3 ), however, further study of the structure with e.g. high temperature SAED etc. would be required to conclusively assign this space group. It should be noted that based on P-E data (discussed later) the material is not polar above 480 K -this is consistent with the assignment of Pbam symmetry. with disorder. This in contrast to the filled TTB Ba 4 La 2 Ti 4 Nb 6 O 30 which adopts the same structure, but which has a modulation of the oxygen positions as a result of frustrated tilts and is incommensurate. 21 The presence of an incommensurate structure was attributed to be the origin of relaxor behavior in this compositional series, while commensurate (ordered) compositions were normal ferroelectrics. In order to further investigate the influence of the slightly differing crystallography on the electrical behavior of these closely-related TTBs the thermal dependence of the ferroelectric hysteresis was investigated.
Polarization-field (P-E) data and the corresponding current (I-E) responses are shown as a function of temperature for Ba 4 La 0.67 Nb 10 O 30 in Figure 5 . At low temperature, below the onset of the relaxor-type peak in the permittivity, normal, well-saturated ferroelectric hysteresis loops are observed. On heating the loops become increasingly slim and develop a pinched or constricted appearance between ca. 260 and 470 K and indicate the loss of ferroelectric behavior. Above 470 K, the P-E (and I-E) data indicate a linear, slightly lossy, dielectric response consistent with a non-polar phase. The nature of the development of this "pinched" non-ferroelectric behavior is evident in the I-E data. An additional "backswitching" event occurs on unloading as indicated by the current peaks marked in Figure 5 ; the field against which the sample "back-switches" or "depolarizes" is denoted +E D . This depolarization event emerges at low fields initially then to higher fields with increasing temperature. P-E loops and I-E data were collected at varying electric fields up to values sufficient large enough to cause dielectric breakdown; the position of the maxima on unloading in the I-E data and the pinched morphology of the P-E loops is independent of the magnitude and frequency of the applied field.
The ferroelectric P-E loop indicates polar ordering at low temperature consistent with a relaxor ferroelectric (RFE), rather than a relaxor dielectric, dipole glass-like, response. The transformation to the pinched loop is correlated with changes in both structural and dielectric data. While no distinct phase change is detected by diffraction this may be due to a change from a locally ordered polar to 'non-polar' structure due to disorder as indicated by in SAED. In many perovskite-based relaxors no long-range symmetry breaking is observed despite the formation of local regions of non-centrosymmetry (i.e., polar nano-regions, PNRs) but they do not display similar dielectric behavior to that observed here. The disordered phase in Ba 4 La 0.67 Nb 10 O 30 appears to retain average polar symmetry and develop a large polarization (but not necessarily ferroelectric behavior) with the application of an external electric fieldnote the saturated polarization is similar in magnitude in both the low temperature RFE regime and disorder "pinched-loop" regime. The subsequent loss of superstructure reflections, peak in permittivity, together with linear dielectric P-E measurements at 473 K, indicate a subsequent phase transition and place an upper temperature limit for this region of unusual behavior.
The temperature dependence of the electric field responsible for ferroelectric switching (coercive field, E C ) and the backswitching (depolarization, E D ) events is shown in Figure  6 (a). The coercive field, E C, for the normal FE P-E loops follows the usual temperature dependence and decreases with increasing temperature. At the onset of the region where pinched loops are observed, both the coercive (E C ) and depolarization (E D ) fields increase with increasing temperature, demonstrating the increasing stability of the disordered regime. The minimum in the coercive field, the change in lattice parameter trends and a decrease in the remnant polarization, Figure 6 (b), all coincide with the low temperature relaxor peak. The onset of pinching may therefore be attributed to the disordering process between the low temperature relaxor and high temperature permittivity peaks. At higher temperatures, the I-E response becomes increasingly broad making reliable determination of E C and E D difficult.
Such pinched P-E loops have been previously reported in perovskites and have been variously attributed to: aging, antiferroelectric ordering, defect-dipole pairs, and field driven ferroelectric phase transitions. [50] [51] [52] [53] [54] Thermal annealing above T C or applying 'de-aging' or fatiguing bipolar excitation cycles of sufficient field can reverse the mechanisms responsible for aged, defect-mediated pinched P-E loops in "normal" ferroelectrics. [55] [56] [57] Such measurements were performed on Ba 4 La 0.67 Nb 10 O 30 (see ESI Figures S12-S15 for details).
Little effect on the P-E response was identified and the pinched character remained, therefore aging/defect-dipole pairs is unlikely to be the source of the observed P-E behavior here. In addition, SAED provided no evidence for phase co-existence nor evidence of PNRs. If the pinched loop behavior results from antiferroelectric ordering or growth of PNRs, these must exist on very short lengths scales. No thermal hysteresis is observed between heating and cooling measurements. The dielectric loss is dominated by maxima corresponding to T C with an additional 'shoulder' at lower temperature. P-E data indicate Nd to be ferroelectric at all measured temperatures up to T C then (slightly lossy) linear dielectric behavior at high temperature -no constriction of the loops was observed (see ESI Figure S8 ). This represents a normal ferroelectric to paraelectric transition although the loops are slimmer than other compositions in this empty series. 40 Ambient temperature synchrotron data for x = 1 confirms the larger 'tetragonality', c/a as previously reported based on a reduced unit cell comparable with the TTB aristotype. When indexed to an orthorhombic cell, a and b are both smaller for x = 1 than comparable values for x = 0. In addition, the orthorhombicity of the cell at ambient temperature is smallerorthorhombic strain of 0.064 compared to 0.081 for x = 1. No evidence of a supercell was detected in the sPXRD data.
Corresponding ambient temperature PND data shows additional peaks at higher d-spacing, which are in similar positions to those observed for x = 0, but of dissimilar intensities. Levin and co-workers report that Ba 4 Nd 2 Ti 4 Nb 6 O 30 has the commensurate orthorhombic Ima2 structure with a ≈ √2a TTB , b ≈ √2b TTB and c ≈ 2c TTB , however, the required reflections were absent in our observed data. Reflections at these peak positions did appear to be satisfied by the Bbm2 model, however, the intensities and shapes of the peaks were poorly fitted. As with x = 0, we were unable to reliably refine atom positions or individual isotropic displacement parameters which both contribute to intensity and peak shape due to the larger number of atoms in the unit cell and corresponding large number of refinement variables. Additionally, the oxygen modes coupled with the octahedral tilt, modulate the intensity of these superstructure reflections. This may suggest the structure is Bbm2 with the same pattern but slightly different extents of tilting. The larger Im2a (2√2 a TTB × 2√2 b TTB × 2 c TTB ) structure reported by Torres-Pardo and co-workers 19 for commensurate Sr 4 Na 2 Nb 10 O 30 (SNN) also generates a similar diffraction pattern. Due to the small number of reflections of sufficient intensity it is difficult to conclusively distinguish between these two cells from either sPXRD or PND data.
SAED patterns from the x = 1 sample are similar to those from the x = 0 sample. Figure 7 shows a typical HRTEM image and the corresponding SAED pattern viewing down the same zone axis of TTB unit cell as that of Figure 4(a) , i.e., [112] TTB . Therefore, the bright diffraction spots derived from the TTB basic unit cell form the same pattern. The satellite diffraction spots also have a similar pattern as that in Figure 4 (a), however, in contrast to the measured inter-spot distances in Figure 4 (a) those in Figure 7 are not uniform indicating that the compound is incommensurate. 58, 59 The incommensurability parameter, δ, given by (b - 31 Normally, the metal atoms make significant contribution to the SAED patterns of the basic TTB lattice, while the oxygen arrangement is responsible for the formation of the superstructure. Local changes of the oxygen environment may form some special clusters, which will give relatively strong diffraction contrast, forming some dark spots in the HRTEM images. We can also see atomic dislocations in these dark spots (left inset in Figure 7 ), a similar phenomenon has been observed as excess oxygen in perovskite structure, resulting in local distortion. 60, 61 Partial ordering of these clusters may form incommensurate structures.
Nevertheless, this contrast pattern was not observed from HRTEM images from the x = 0 sample. The presence of an incommensurate modulation may account for the weak frequency dependence observed in the permittivity temperature data consistent with the models of Levin et al. 21 and Zhu et al.
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The Nd-analogue (x = 1), therefore represents the transitional composition between RFE and normal ferroelectric behavior in this TTB series. The low field ε*(T) data, particularly the loss, shows some differences to the other normal ferroelectric TTBs with A-cations smaller than Nd within this series. 40 The normal P-E response observed in this composition may be due to stabilization of the ferroelectric phase during measurement. reported the difference in such metrics is incredibly small between La and Nd. 40 No evidence was found for the presence of secondary phases or phase separation, which has previously been identified in a number of different TTBs. 62, 63 Ambient temperature PND data of x = 0.5 evidences the existence of a superstructure similar to the end members. As with x = 1, it is not possible to distinguish between Bbm2 and the larger Im2a cell. Qualitatively, it appears to be an intermediate between the x = 0 and 1 patterns.
The permittivity data of the intermediate compounds shows decreasing relaxation and diffuseness of the low temperature anomaly with increasing x, while the maximum simultaneously shifts to higher temperature, Figure 8 (and ESI Figures S6 and S7) . The high temperature peak decreases in both magnitude and temperature, until both peaks coalesce for x = 1. At lower x values, the dielectric loss is dominated by the low temperature response corresponding to the relaxor-like behavior in the permittivity.
P-E measurements performed on these compounds, (ESI Figures S8-S11 ), demonstrate that all compounds are ferroelectric below the relaxor-like peak or peak maximum (T C ) for higher x. This corresponds with the approximate temperatures of the largest maxima in the dielectric loss. For lower x values (x = 0.25 and 0.5) pinched P-E loops were recorded at temperatures between the two peaks in the relative permittivity i.e., at temperatures above the RFE phase and below the high temperature non-polar phase. The coalescence of these peaks with increasing x, leads to a decrease in temperature ranges over which the disordered phase is stable; for x = 0.25 it persists over a wide temperature range (> 100 K) while for x = 0.5 pinched loops are recorded over only a very narrow range. The pinched character of the P-E loop also decreases with increasing x -the effect is most evident for x = 0. Pinched P-E loop behavior is absent for higher x values; for x = 0.75 there is a direct transition from ferroelectric P-E loop to standard linear dielectric type indicating a ferroelectric to non-polar paraelectric transition as described for Ba 4 Nd 0.67 Nb 10 O 30 (x = 1), above.
Discussion
The presence of both frequency dependent, relaxor-type and normal, frequency independent peaks have been observed in the permittivity-temperature profile of a number of TTB compositions. 19, 37, [64] [65] [66] [67] [68] [69] [70] [71] However, the relaxor-like response in these is often subtle or convoluted with the main permittivity peak associated with T C and has not been demonstratively linked changes in the structural or P-E properties and so the origins of such behavior has not been convincingly assigned. The pronounced separation of the features presented here for Ba 4 La 0.67 ! 1. 33 Nb 10 O 30 in conjunction with observed structural variations and changes in P-E behavior provides a valuable opportunity to elucidate the origins of such behavior in the context of the recent crystal-chemical model for relaxor versus normal ferroelectric behavior as a function of composition in TTBs. 20 In that model, the observed behavior is determined by a subtle competition between structural modulations, specifically octahedral tilting as determined by oxygen positions, and polarization generated by B-cation displacements. To summarise, small A-cation sizes, and hence low tolerance factor of the perovskite unit, results in strong octahedral tilting in a coherent, commensurate manner and so long range order and normal ferroelectric behavior is observed. With increasing A-cation size the degree of tilting decreases and the tilt system becomes increasingly frustrated, denoted by an increasing distribution of the oxygen positions, and reduction in symmetry. The variation in oxygen positions retains a degree of periodicity and so an incommensurate structure and relaxor behavior is observed. However, for particularly large A-cations the extension of the O-B-O bonds stabilize the polarization and overcome the disruption of long range order due to the incommensurate structure and normal ferroelectric behavior is again observed.
The results presented here are broadly consistent with this model and it is possible to rationalize the observed dielectric and structural behavior in that context. According to our model, and based on the chemical composition of 30 , the SAED data provide evidence for disorder which, in turn, disrupts long range polar ordering. However, the temperature dependence of both the relative permittivity and P-E behavior suggest that this disorder is rather weak. At low temperature, normal P-E behavior and the presence of a persistent remanent polarization confirms long range, net polarization and suggest that the oxygen positions order (incommensurately) at low temperature, resulting in a modulated tilt system. On heating, the large peak in the dielectric loss combined with a loss of remanent polarization, as demonstrated by the pinched P-E hysteresis behavior, is consistent with the onset of disorder observed in the SAED. This also results in a subtle change in the thermal expansion in long range, average structure as determine by other diffraction methods. In this intermediate temperature regime, the high polarizability of the oxygen sublattice allows application of a sufficiently large electric field to induce long range order, as indicated by the switch event in the P-E data on loading and the similarity in the maximum induced polarization (P max ~ 6 µC.cm -2 ) at maximum field (E ~ 100 kV.cm -1 ), Figure 5 , but which relaxes on removal of the field. The data in Figure 6 (a)
suggests that the stability of disordered regime increases with increasing temperature, with both the coercive field required for ordering (±E C ) and field against which relaxation occurs (±E D ) increases with increasing temperature, until the paraelectric phase transition is reached at ca. 500 K. 73 However, the required crystallographic anti-polar arrangement for antiferroelectricity is not evident in the compositions studied here and so long range AFE order can be discounted.
Other mechanisms shown to affect such P-E behavior include: double loops within a narrow temperature range close to T C due to an electric field driven transition between the paraelectric and ferroelectric phases in ferroelectrics with a sharp first order ferroelectricparaelectric phase transition (e.g. undoped BaTiO 3 ); 54 defect dipoles in aged ferroelectrics. 53, 76 Based on the observations reported here and presented in the ESI, we also discount these mechanisms.
Bi 0.5 Na 0.5 TiO 3 (BNT) and solid solutions (BaTiO 3 -BNT and Bi 0.5 K 0.5 TiO 3 -BNT) show similar temperature dependent dielectric properties. with a frequency dependent relaxor-like peak around 473 K in undoped BNT and high temperature peak with little dispersion (≈ 593 K). [77] [78] [79] BNT compounds have a complex sequence of phase transitions and may include coexisting phases. [77] [78] [79] [80] The presence of an AFE phase was proposed due to pinched/doubled P-E loops, however other explanations have since been offered involving coexisting phases, domains or nano-regions of different symmetries and electric field driven transitions between a weakly or non-polar relaxor phase and that of a polar ferroelectric phase. [77] [78] [79] [80] [81] [82] [83] [84] The origin for these properties is still somewhat contested and may differ in each respective solid solution. 83 From SAED we see no evidence of PNRs or subtle compositional segregation in our materials.
Therefore, based on the observations in the compositions presented here, the frequency dependent, relaxor-type and frequency independent, peaks in permittivity observed on heating indicate transitions from incommensurate, relaxor ferroelectric (Bbm2) to disordered, non-ferroelectric (Bbm2) to paraelectric (Pbam) phases. The Ba 4 (La 1-x Nd x ) 0.67 ! 1. 33 Nb 10 O 30 compositional series show a decrease in temperature range between these transitions being "closed out', indicating a destabilization of the disordered phase until normal incommensurate ferroelectric behavior with no pinching is observed in compositions with x > 0.5. It is important to re-emphasize that for x = 0.25 and x = 0.5, pinched P-E behavior is observed in the temperature range between permittivity peaks; the fact that this is not observed for x = 0.75 despite evidence of a double permittivity peak suggests that the disorder is easily overcome by even modest applied fields.
The data indicate the role of vacancies in allowing a structural relaxation to de-stabilize long range polar ordering, but only to the extent that it can be re-introduced by a sufficiently large electric field. The resulting behavior is a pinched P-E response with the same P max as the FE phase but with no significant remnant polarization. Such behavior is one of the key signatures currently being sought for exploitation of "ferroelectric" materials for energy harvesting capacitors. Although similar pinched loop behavior has also been observed in simple perovskites such as BNT, the origins of the observed behavior in that system is still under debate. Here we show that A-site vacancies in the perovskite unit of the TTB structure provides a tool to develop materials on the edge of ferroelectric stability and which could allow further exploitation of these materials for e.g. energy harvesting.
Conclusions
The "empty" tetragonal tungsten bronze (TTB) Ba 4 La 0.67 Nb 10 O 30 exhibits both frequency dependent, relaxor-type (ca. 260 K) and frequency independent (ca. 480 K) peaks in the dielectric data. While similar behavior has been previously observed in other TTBs the behavior is not as evident, nor has this relaxor feature been clearly associated with any structural variation or change in the polarization-field (P-E) behavior. Here we clearly demonstrate that heating through the relaxor-like peak is associated both with the loss of ferroelectric switching and onset of a pinching of the P-E response and also a change in the crystal structure as demonstrated by both synchrotron x-ray and neutron powder diffraction. In addition, diffuse scattering in selected area electron diffraction indicates that in the region where pinched P-E loops are observed, disorder exists. This structural disorder disrupts long range polar ordering and accounts for the observed loss of ferroelectricity. Application of an electric field reintroduces a large non-linear polarization of the same magnitude as in the ferroelectric phase, but on removal of the field, non-linear depolarization signifies a "backswitching" event associated with the structural relaxation to the disordered phase. This backswitching event occurs against and increasingly large electric field with increasing temperature indicating increased stability of the disorder with increasing thermal energy. The presence of a large concentration of vacancies at the A1-site facilitates the structural relaxation and disorder and is the reason why the effects are more evident in this compositional series.
The temperature range over which the disordered phase and pinched P-E persists can be reduced by replacement of La with smaller Nd cations at the A1-site (increasing x in Ba 4 (La 1-and induces an increase in tilting of the NbO 6 octahedra. As a result, the temperature range over which pinched P-E behavior is observed decreases until for x = 1 (Ba 4 Nd 0.67 ! 1. 33 Nb 10 O 30 ) a weakly frequency dependent, relaxor-like permittivity peak and normal ferroelectric switching is observed.
The influence of high concentrations (> 50%) of A1-site vacancies in these materials provides further insights into our understanding of structure-property relationships in TTB materials.
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Supplementary Information
Structural data including Rietveld refinements of PND and SPXRD data; linear thermal expansion coefficients; dielectric data; polarization-field measurements including after ageing and quenching of samples. As discussed above, it was not possible to refine individual isotropic displacement parameters. When values for each site type (e.g. A1-site) were constrained, Table S2 , a gradual increase is observed as expected. Above 480 K the structure appears to have similar metrics to the basic high symmetry tetragonal aristotype (i.e. no reflections due to an extended superstructure are observed), however, based on synchrotron-PXRD a very slight orthorhombic distortion persists. A high temperature non-polar structure has been reported for other TTBs. The Rietveld refinement of PND data collected at 600 K with the orthorhombic non-polar space group Pbam is shown in figure S3 . χ 2 = 4.471, wR p = 3.19 % Figure Synchrotron-PXRD data was collected on cooling from 500 K to 100 K for Ba 4 La 0.67 Nb 10 O 30 (x = 0) on beamline I11 at the Diamond Light Source. A Rietveld refinement of data collected at 100 K using the same Bbm2 structural model is shown in Figure S4 (χ 2 = 6.258, wR p = 11.13 %). Figure S5 depicts enlarged sections of the same refinement. As with neutron data, individual atom positions and µ iso were not refined. 
Dielectric properties
Dielectric data for the intermediate compositions, Figure S6 , demonstrates the decreasingly diffuse nature of the low temperature peak with increasing x (decreasing A1-cation size). The data correlate with the observed P-E behaviour ( Figures S8-10 ) which indicate a crossover from relaxor ferroelectric (RFE) to more 'normal' ferroelectric-like behaviour as the two peaks coalescence. With increasing x, the contribution of the high temperature relaxation is shown to become more influential, Figure S7 . Polarisation vs. field measurements for x = 0 ( Figure S8 ), x = 0.25 ( Figure S9 ), x = 0.5 ( Figure  S10 ) and x = 0.75 ( Figure S11 ). All compounds are ferroelectric at low temperature; wellsaturated ferroelectric hysteresis loops are observed which become slimmer with increasing temperature. As with Ba 4 La 0.67 Nb 10 O 30 (x = 0) P-E loops with 'pinched' character are recorded in the temperature range between the two peaks in the dielectric data shown for x = 0.25. No indication of the onset of such pinched loops is observed for x = 0.75 or x = 1; for these compositions the saturated P-E loop becomes slimmer and at high temperature a linear dielectric response indicates loss of ferroelectricity. Samples with sputtered Au electrodes were heated to 623 K (350 °C) for 2 hours and short circuited while earthed. Samples were then air quenched and data collected immediately. 'Pinched' behaviour persists, Figure S12 . Figure S12 . P-E data for sample quenched from 623 K at 10 Hz, 100 Hz and 1000 Hz demonstrating retention of pinched character of P-E loop, (295 K).
Higher temperature quenching experiments were also carried out; samples were heated to 1273 K (1000 °C) for 2 hours and air quenched. Sputtered electrodes may degrade at such temperatures so silver conductive paint was applied as soon as samples were cool enough and data recorded (within 30 minutes of quenching). Again 'pinched' behaviour persists, Figure  S13 . Figure S13 . P-E data for sample quenched from 1273 K demonstrating retention of the pinched character of P-E loop, 100 Hz, ambient temperature (295 K).
Fatigue measurements
A sample of Ba 4 La 0.67 Nb 10 O 30 (x = 0) was fatigued for 1 × 10 7 cycles with an applied electric field of 40 kVcm -1 (fatigue frequency = 10 kHz) at ambient temperature (296 K). P-E data (applied field 40 kVcm -1 , 100 Hz) was recorded at specific points during the fatiguing process. There is little appreciable difference between the first and last loop, Figure S14 . Figure S14 . Comparison of 1 st (polarisation data in black, current data in blue) and last (1 × 10 7 ) cycle (polarisation data purple, current data red), recorded at ambient temperature.
The maximum polarisation (P max ) and the remenant polarisation (P r ) do not significantly change during the fatiguing process, Figure S15 Figure S15. Maximum polarisation and remenant polarisation during fatiguing process.
